We apply external uniaxial stress to tailor the optical properties of In x Ga 1Àx As=GaAs quantum dots. Unexpectedly, the emission energy of single quantum dots controllably shifts to both higher and lower energies under tensile strain. Theoretical calculations using a million atom empirical pseudopotential many-body method indicate that the shifting direction and magnitude depend on the lateral extension and more interestingly on the gallium content of the quantum dots. Our experimental results are in good agreement with the underlying theory. DOI: 10.1103/PhysRevLett.107.217402 PACS numbers: 78.67.Hc, 62.20.Àx, 73.21.La, 78.20.hb In recent years a major effort was put into tailoring the optical properties of semiconductor quantum dots (QDs) [1] [2] [3] [4] . By applying stress to a semiconductor heterostructure the emission energy of the embedded QDs can shift significantly [5] [6] [7] [8] [9] . Our approach utilizes an externally induced in situ compression or expansion of an In x Ga 1Àx As QD sample to apply controlled variable stress to single QDs after their fabrication. We show that the emission energy can be reversibly tuned to higher and lower values. This tuning ability is a big advantage compared to other techniques, e.g., the controlled increase of the sample temperature to reduce the QD emission energy [10] . Another benefit is that the photoluminescence (PL) intensity is affected very weakly by externally applied stress in contrast to, e.g., lateral electric field induced tuning. Strain tuning has been suggested [11] to be a promising technique for emitter-emitter [12, 13] and emitter-cavity coupling [14] .
In recent years a major effort was put into tailoring the optical properties of semiconductor quantum dots (QDs) [1] [2] [3] [4] . By applying stress to a semiconductor heterostructure the emission energy of the embedded QDs can shift significantly [5] [6] [7] [8] [9] . Our approach utilizes an externally induced in situ compression or expansion of an In x Ga 1Àx As QD sample to apply controlled variable stress to single QDs after their fabrication. We show that the emission energy can be reversibly tuned to higher and lower values. This tuning ability is a big advantage compared to other techniques, e.g., the controlled increase of the sample temperature to reduce the QD emission energy [10] . Another benefit is that the photoluminescence (PL) intensity is affected very weakly by externally applied stress in contrast to, e.g., lateral electric field induced tuning. Strain tuning has been suggested [11] to be a promising technique for emitter-emitter [12, 13] and emitter-cavity coupling [14] .
To apply stress to the QDs we glued the sample tightly on a piezoelectric lead zirconic titanate (PZT) ceramic stack (piezostack) [15] . Expansion and contraction (maximum range ÁL max ¼ 3:2 m at T ¼ 4 K) enable us to induce both tensile and compressive strain along a crystal axis parallel to the sample surface. Induced strain modifies the band structure and as a consequence the emission energy of the quantum dots [16, 17] . We present uniaxial stress tuning measurements and theoretically investigate the effect of different gallium contents (Ga content) on the tuning behavior.
The QDs are initially grown on a GaAs(001) substrate using molecular beam epitaxy and the partial capping and annealing technique [18] . We integrate a 150 nm thick Al 0:7 Ga 0:3 As sacrificial layer between substrate and QDs. The single active QD layer is embedded in a top or bottom cladding of Al 0:3 Ga 0:7 As. Substrate removal is carried out by combining two etching steps [7] . At first, structures of 250 Â 50 m 2 are defined on the sample surface by standard photolithography and are subsequently etched down to the sacrificial layer. Thus, the membrane structures are defined in the active layer, where the short side is parallel to the [110] crystallographic axis. The second step is to selectively etch the sacrificial layer. Afterwards, the 200 nm thick membranes lie loosely on the substrate and can be transferred to a polymethylmethacrylate (PMMA) covered piezostack. Cooled down to helium temperatures, the PMMA acts as a rigid connection between piezostack and membranes ensuring that the motion of the PZT is transformed into strain of the membranes.
We perform microphotoluminescence (-PL) spectroscopy on single QDs by using a microscope to focus the excitation laser spot to a diameter of % 1 m. The QDs are excited nonresonantly above the GaAs barrier and a spectrometer (resolution ÁE ¼ 25 eV) is used for spectral imaging the PL signal. The piezo contraction or expansion is controlled by an external voltage generator. Positive voltage leads to an expansion of the piezostack, resulting in tensile strain at the QD layer. In our automated setup we sweep the piezovoltage (PV) up and down in steps of 1 V and simultaneously collect spectra at each strain state. Figure 1 shows the PV dependence of the spectral emission energy of the investigated QD. The applied stress is oriented along the [110] crystal axis and is controlled by the voltage impressed on the piezo. The contour plot shows the QD's emission spectra for different values of the voltage applied to the piezostack. The PL intensity of the lines is color coded. Beginning with zero PV we increase the applied voltage up to þ300 V and back to À300 V and again up to þ300 V. These voltage values correspond to the specified voltage maximum of the actuator at 4 K. In order to give a rough estimation of the local stress which can be applied, we measured the GaAs PL emission shift [5, 19] . This leads to a maximum applied stress of S ¼ 23 MPa at þ300 V. See Supplemental Material [20] for a detailed description of this method. In Fig. 1 tensile strain leads to a reduction of the emission energy further referred to as redshift. This is the expected behavior, previously observed by Seidl et al. [5, 19] . The small hysteresis does not result from the piezostack [21] but may be caused by an insufficient connection between piezostack and sample. This leads to a creep effect when the voltage is varied too rapidly.
Linewidth and PL intensity are not notably affected by strain. The relative motion of the expanding or contracting piezostack with respect to the laser spot, leads to a variation of the PL intensity. This measurement artifact can be fully compensated for. To record the full hysteresis curve and to demonstrate the reversibility of the energy shift we swept the PV forth and back multiple times. The emission energy is tuned in a range of 2.68 meV. This corresponds to a tuning of À4:47 eV per volt.
In the experiment, we observe an unexpected new effect: not all investigated QDs in these membrane samples showed the same emission energy tuning behavior. Different absolute energy tuning ranges could be explained by a variation of the local strain due to inhomogeneities of the PMMA or differences in the configuration, shape, or position of the membranes. But the effect that under tensile stress the emission of some QDs shifts to higher energies and others shift to lower energies on the same sample (see Fig. 2 on the right) is unknown in literature. This effect is not caused by a misalignment of the membranes, since repeated measurements on QDs of an unprocessed part obtained from the same sample show the same result. Still, different thermal expansion coefficients of PMMA and substrate could result in an inhomogeneous prestrain of the QD layer. This local prestrain can influence the emission energy tuning. However, measurements of spatially adjacent QDs (even in the same spectrum) with different tuning directions strengthen our assumption that this tuning behavior is a property of the QDs (see Supplemental Material [20] ).
The left part of Fig. 2 depicts two investigated QDs on the membrane with different signs of tuning slope. The experiment started in a prestrained situation, where the QDs are compressed (negative PV applied). An increasing PV first relaxes the prestrain and then tensely strains the QDs along the [110] axis. Under this deformation QD 1 exhibits a redshift while the emission energy of QD 2 is increased under tensile stress (blueshift). QD 1 shows a higher tunability of À1:75 eV=V compared to QD 2 with 0:91 eV=V.
We performed theoretical calculations on realistic QD structures using the atomistic empirical pseudopotential approach [22, 23] , taking strain, band coupling, coupling between different parts of the Brillouin zone, and spinorbit coupling into account, retaining the atomistically resolved structure. We consider In x Ga 1Àx As=GaAs lens shaped QDs with a cylindrical base (base diameter ¼ 25:2 nm, height ¼ 3:5 nm, resembling an estimation of the structural properties of the investigated QDs obtained by atomic force microscopy of uncapped QDs) and Ga composition (1 À x) of 0%-40%. The Coulomb and exchange integrals are calculated from the atomistic wave functions as shown in Ref. [24] and the correlated excitonic states are calculated by configuration interactions (CI) [25] . For the CI calculations we use all possible determinants constructed from the first 12 electron and first 12 hole states (spin included), thus accounting for correlations.
We investigate the effect of uniaxial stress along the [110] and [100] crystallographic directions on single particle states and on the exciton emission energies (Fig. 3) . Strain is defined as the relative change of the lattice parameters ða À a 0 Þ=a 0 along the corresponding crystallographic direction. The ensuing stress values are calculated using the relation S ¼ Y½ða À a 0 Þ=a 0 , where Y is Young's modulus, a 0 and a are the equilibrium and distorted lattice parameters, respectively. The application of uniaxial tensile stress to a crystal results in different types of strain, namely the following: (1) Hydrostatic strain: The uniaxial stress gives rise to a nonvanishing hydrostatic strain since the volume is not conserved. It tends to decrease the energy of single particle states. (2) Biaxial strain: The hole states are directly affected by biaxial tensile strain, which tends to further decrease their energy. Electrons, however, have no direct dependence on biaxial strain. One important effect of biaxial strain is to split the hole (and to a lesser extent the electron) ''P'' states. Inside a QD, the biaxial strain is larger along [1 " 10] direction than in the [110] direction in both InAs and alloy In x Ga 1Àx As QDs. This is a consequence of the atomistic C 2v symmetry of the structure. This imbalance leads to a significant splitting of the hole ''P'' states. External uniaxial stress and the resulting biaxial strain can control this splitting, reducing or enlarging it, as will become obvious subsequently. (3) Height of the QD: The height of a QD is slightly decreased with the increase in external tensile uniaxial stress, which tends to increase the confinement energy (the energy difference between the discrete energy levels and the QD band edge) of single particle states. (4) Depth of the confinement potential V, defined as the strained band offsets between barrier and QD: It is larger in InAs=GaAs QDs than in alloy In x Ga 1Àx As=GaAs QDs. Figure 4(a) shows V for electrons (CBO) and heavy holes (VBO) as a function of the Ga content in the QD. Since the confinement energy E c is nonlinear with V: E c / V 2 , a change in V by V leads to a change in E c by V 2 þ 2VV. So for the same (strain induced) change V, the response of E c depends on the depth of confinement and hence strongly on composition.
The stress-dependent single-particle states for InAs=GaAs and In 0:6 Ga 0:4 As=GaAs QDs are given in Fig. 3 for two different stress directions. Stress along [100]: The comparison between Figs. 3(a) and 3(e) shows that electron states are nearly stress independent for pure InAs=GaAs QDs while they redshift for alloy In 0:6 Ga 0:4 As=GaAs QDs. In Fig. 4(b) one can see the combined strain effects (1) and (2) . It shows that the external stress induced changes dV=dS in the CBO are quite significant and negative. This would redshift the electron states. However, in InAs QDs the combined strain effects (1) and (2) are compensated by the confinement effects (3) and (4) and the slope in Fig. 3(a) is negligible. In the alloy case, the effect (4) is significantly reduced [Fig. 4(b) ] and fails to compensate the strain effects (1) and (2), leading to the negative slope in Fig. 3(e) . The stress induced change in the energies of hole states is dominated by the biaxial strain [effect (2)], which leads to the negative slopes in Figs. 3(b) and 3(f) . Stress along [110] : Unlike the case of uniaxial stress along [100], the electron states redshift for both pure InAs and alloyed InGaAs QDs. For this type of stress, the confinement effects (3) and (4) tending to lower the slope are weaker than for [100] stress. The difference between the slopes in Figs. 3(c) and 3(g) has the same origin as for the [100]-stress case: weaker confinement effect in the alloy QD. As anticipated in the description of effect (2) above, the splitting of the hole ''P'' states h 1;2 is modified in both InAs and In 0:6 Ga 0:4 As by uniaxial stress. We further investigate the effect of the Ga content on the exciton emission energy in In x Ga 1Àx As QDs. We find that the energy shifts are the result of a balance between competing effects that depend on the Ga content. The relative changes in the single particle energies of electrons and holes predominantly determine the redshift or blueshift of the exciton, while many-body effects have a weaker influence on the stress-induced exciton energy shifts. In pure InAs QDs the change in energies of electron states due to the above mentioned countercompeting effects is smaller than in the energies of holes states. This gives rise to a blueshift of the exciton energy in pure InAs QDs under external tensile uniaxial stress. Figure 4(c) gives the stress induced shift of exciton energy as a function of the Ga content in the QDs. It shows a linear decrease in the relative emission energy shift dE X =dS with increasing Ga content. The transition between blueshift and redshift occurs at a Ga content of about 17% for our QD and external tensile stress along [110] . These results are nearly unmodified for elongated, truncated cone shaped, and graded In concentration QDs [26] .
The exciton energy shift in a QD is also quite sensitive to the size of the QD. Figure 4(d) gives the stress induced change in the exciton energy as a function of lateral QD size and shows a reduction in dE X =dS for increasing diameter. The transition from blueshift to redshift with composition [ Fig. 4(c) ] occurs at about 12% Ga content for a reduced diameter of 14 nm, while it occurs at 17% in a QD with 25.2 nm diameter.
It is worth noticing here that the direct quantitative comparison between theoretical and experimental results is quite difficult since the exact composition and size of each QD in a sample is difficult to determine. There is always a statistical distribution of QDs in terms of size and Ga content in a sample. However, the trends of energy shifts as measured in experiments are quite understandable based upon our theoretical results. The absolute change in energies of single particle electron and hole states and hence, the shift in the exciton energies by the external uniaxial stress is significantly influenced by the Ga content and size of QDs. Comparing these theoretical results with our experimental data we can conclude that our investigated membrane samples have an inhomogeneous Ga concentration. All QDs on the investigated samples were partially capped and annealed and during the growth a diffusion of Ga atoms into the QDs occurs. Therefore a statistical fluctuation of the absolute Ga concentration is natural in these self-assembled QDs. Considering a fluctuation of Ga content between 12% and 17%, a change in sign of the exciton emission energy slope is plausible. In addition to the experiments presented here we have also investigated the emission of QDs in two other samples grown in different runs. In one of them all dots show the emission redshift under tension while in the other all dots show blueshift. Since during the partial-capping and annealing step we expect the lateral size of the dots to stay constant [18] , our calculations allow us to attribute the different behaviors to changes in the Ga content (see Supplemental Material [20] ).
In conclusion, we show that the emission energy of selfassembled QDs can be shifted by applying uniaxial stress. We achieve an emission energy tuning of up to 2.8 meV. This Letter is the first report of redshift and blueshifts on the same sample which we ascribe to structural and composition differences of the individual QDs. The calculations show that the tuning direction and tuning magnitude depend strongly on the Ga content and to lesser extend on the size of the QD. The relative changes in the energies of single particle states of electrons and holes predominantly determine the redshift or blueshift in the exciton energy under tensile stress, while many-body effects have a weaker influence on the stress-induced exciton energy shifts. Our experimental results fit qualitatively to the theoretical calculations. Down to 17% Ga content, lens shaped QDs of the specified size react under tensile stress along [110] crystal axis with a reduction of the emission energy while for lower Ga content the emission energy is increased. A change in QD size influences the absolute tuning range quite significantly but the sign change of the emission energy still occurs at a similar Ga content. Our results show that the Ga content in self-assembled In x Ga 1Àx As=GaAs QDs is the main factor for the different tuning directions observed in experiments. This is relevant for realization of emitter-cavity coupling using strain tuning in applications. Additionally, the ability to estimate the Ga content of an individual QD postgrowth after the capping step would be an intriguing avenue to explore.
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